The selective vulnerability of hippocampal area CA1 to ischemia-induced injury is a well-known phenomenon. However, the cellular mechanisms that confer resistance to area CA3 against ischemic damage remain elusive. Here, we show that oxygen-glucose deprivation-reperfusion (OGD-RP), an in vitro model that mimic the pathological conditions of the ischemic stroke, increases the phosphorylation level of tropomyosin receptor kinase B (TrkB) in area CA3. Slices preincubated with brain-derived neurotrophic factor (BDNF) or 7,8-dihydroxyflavone (7,8-DHF) exhibited reduced depression of the electrical activity triggered by OGD-RP. Consistently, blockade of TrkB suppressed the resistance of area CA3 to OGD-RP. The protective effect of TrkB activation was limited to area CA3, as OGD-RP caused permanent suppression of CA1 responses. At the cellular level, TrkB activation leads to phosphorylation of the accessory proteins SHC and Gab as well as the serine/threonine kinase Akt, members of the phosphoinositide 3-kinase/Akt (PI-3-K/Akt) pathway, a cascade involved in cell survival. Hence, acute slices pretreated with the Akt antagonist MK2206 in combination with BDNF lost the capability to resist the damage inflicted with OGD-RP. Consistently, with these results, CA3 pyramidal cells exhibited reduced propidium iodide uptake and caspase-3 activity in slices pretreated with BDNF and exposed to OGD-RP. We propose that PI-3-K/Akt downstream activation mediated by TrkB represents an endogenous mechanism responsible for the resistance of area CA3 to ischemic damage.
Introduction
In response to momentary reductions in oxygen and glucose supply, the pyramidal cells (PCs) in the hippocampal formation react differently. Whereas CA1 PCs exhibit abrupt signs of cellular damage, PCs in area CA3 are resilient to the lack of oxygen and glucose.
Interestingly, although a significant amount of knowledge regarding the mechanisms mediating the ischemic damage in area CA1 is regularly reported, little is known about the intrinsic mechanisms that provide resistance to CA3 PCs to ischemic episodes. Indeed, it is well known that CA3 PCs scarcely exhibit cellular alterations as compared to CA1 PCs in response to ischemia (Cherubini et al., 1989; Leblond & Krnjevic, 1989; Nitatori et al., 1995) , and the synaptic plasticity in area CA3 persists during ischemic damage (Cherubini et al., 1989; Kirino et al., 1992) . Furthermore, a brief exposure to oxygen-glucose deprivation followed by reperfusion (OGD-RP), an in vitro model that mimics the lack of oxygen and glucose that occurs during stroke (Noraberg et al., 2005) , barely causes synaptic depression of CA3-evoked excitatory potentials (Gee et al., 2006; Dennis et al., 2011) .
What are the cellular mechanisms that mediate the inherent resilience of area CA3 during transitory anoxia/aglycemia? Here, we explored the hypothesis that activation of tropomyosin-related kinase B receptor (TrkB), mediated by its endogenous ligand, brain-derived neurotrophic factor (BNDF), reduces the negative impact inflicted by OGD-RP. TrkB and BDNF are robustly expressed in the mossy fibers (MF) and area CA3 of the hippocampus (Kokaia et al., 1996; Spencer-Segal et al., 2011) . In addition, TrkB activates a series of downstream signaling cascades including the phosphatidyl inositol-3 kinase (PI-3-K)/serine threonine kinase (Akt), the mitogen-activated protein kinase MAPK/ ERK 1/2, or the phospholipase C-c. Although these cascades are critical for neuronal function and plasticity (Minichiello et al., 2002; Nagappan & Lu, 2005) , BDNF and TrkB activation also block apoptosis and promote cell survival following ischemic damage (Hetman et al., 1999; Han & Holtzman, 2000; Sun et al., 2008) .
Here, we demonstrate that blockade of TrkB with ANA-12 suppresses the resistance of MF excitatory postsynaptic potentials (MF EPSPs) and CA3 antidromic populations spikes (CA3 PSs) to OGD-RP. Conversely, preincubation of hippocampal slices with BDNF or its specific agonist, 7,8-dihydroxyflavone, reduces the depression triggered by OGD-RP. We also found that TrkB phosphorylation activates the PI-3-K/Akt, a signaling cascade involved in cell survival during ischemic damage (Han & Holtzman, 2000; Lu et al., 2013) . Furthermore, TrkB activation blocked expression of caspase-3 enzyme and reduced propidium iodide uptake, indicating reduced cellular damage (Laake et al., 1999; Sun et al., 2010) . These results offer a mechanistic explanation of the endogenous resistance of area CA3 to the damage inflicted by oxygen-glucose deprivation associated with several forms of ischemic injury.
Material and methods
All of the experimental procedures performed throughout the length of the study were carried out in strict accordance with the Mexican Official Norm for utilization and care of laboratory animals 'NOM-062- ZOO-1999 0 and by the local Ethics Committee of our Institution (Cinvestav-IPN, M exico. Authorization number 0090-14) that mandates minimization of suffering and reducing the number of experimental animals. Additionally, the experimental procedures comply with the ARRIVE guidelines. We performed 116 experiments in acute hippocampal slices from 45 Sprague-Dawley rats (35-45 days old). The animals were bred and housed with ad libitum access to food and water and continuous veterinary supervision at the local animal facility under a 12 : 12-h light/dark cycle. Animals were maintained in a climate-controlled room at 22 AE 2°C and $ 50% relative humidity; with 18% fat feed (Harlan, Indianapolis, IN, USA). Sprague-Dawley male rats (35-45 days old) were deeply anesthetized (Pentobarbital Sodium I.P., 60 mg/Kg of body weight) decapitated, and their brains were quickly removed and placed in an ice-cold sucrose slicing solution containing (in mM): 210 sucrose, 2.8 KCl, 2 MgSO 4 , 1.25 Na 2 HPO 4 , 26 NaHCO 3 , 1 MgCl 2 , 1 CaCl 2 , and 10 D-(+)-glucose. Hippocampal tissue blocks were glued to the plate of a VT1000S microtome (Leica, Nussloch, Germany), and horizontal hippocampal slices (385-lm thick) were obtained. The slices were maintained for 30 min at 33 AE 2°C in an incubation solution with the following composition (in mM): 125 NaCl, 2.5 KCl, 1.25 Na 2 HPO 4 , 25 NaHCO 3 , 4 MgCl 2 , 1 CaCl 2 , and 10 D-(+)-glucose. After that, slices were incubated at room temperature for 1 h before the recordings. Individual slices were transferred to a submersion recording chamber (total volume, 1.5 mL; exchange rate including the volume inside the tubing 2.5 AE 0.5 mL/min) for at least 20 min before the beginning of the experiments. The slices were maintained at a constant flow (4-4.5 mL/min) with a standard ACSF containing (in mM): 125 NaCl, 2.5 KCl, 1.25 Na 2 HPO 4 , 25 NaHCO 3 , 2 MgCl 2 , 2 CaCl 2 , and 10 D-(+)-glucose, heated to 33 AE 2°C with the help of an in-line solution heater coupled to a temperature controller (TC-324C; Warner Instruments). Solutions were continuously bubbled with 95% O 2 /5% CO 2 .
Oxygen and glucose deprivation
The oxygen-glucose deprivation (OGD) solution consisted of a modified ACSF in which the D-(+)-glucose was substituted with an equimolar concentration of sucrose (10 mM) and continuously bubbled with a nitrogen-based mixture N 2 (95%)/CO 2 (5%). The OGD solution was bubbled during preparation, and for at least 1 h before the beginning of the recordings. When OGD was perfused in the recording chamber, a strong bubbling was used to insure N 2 saturation.
Extracellular recordings
The extracellular responses were recorded with pipettes pulled from borosilicate glass with resistances of 1-2 MO when filled with a NaCl solution (3M). The extracellular responses (See Fig. 1A and B) were evoked via bipolar electrodes made of nichrome wire (38-lm bare diameter). Orthodromic mossy fibers synaptic responses were evoked from the dentate gyrus hilus (Henze et al., 1997) whereas antidromic population spike responses were evoked by stimulating the CA3a stratum pyramidale. The stimulation electrodes were always positioned on either side of the recording pipette. Test stimuli (0.06 Hz) consisted of paired monopolar pulses (15-30-lA intensity: 100-120-ls duration) that evoked 30-50% of the maximal response previously determined by an input-output curve. The sequential stimulation of mossy fibers (or Schaffer collaterals) and population spikes inputs converging onto the same recording site were delivered at 1000-ms inter-stimuli to minimize synaptic temporal summation. The pulses were delivered via a high-voltage isolation unit (A365D; World Precision Instruments, Sarasota FL), controlled with a Master-8 pulse generator (AMPI, Jerusalem, Israel). Responses were amplified with a Dagan BVC-700A amplifier (Minneapolis, MN, USA) coupled with an extracellular headstage (Dagan, model 8024) and high-pass filtered at 0.3 Hz. Additional electrical noise suppression was achieved with a Humbug noise eliminator (Quest Scientific Instruments, North Vancouver, BC) . Evoked responses were displayed on a PC-based oscilloscope and digitalized for storage and off-line analysis with custom-written software (Lab View system; National Instruments, Austin, TX, USA).
The following criteria were used to identify and accept evoked responses as mossy fiber field excitatory potentials (Claiborne et al., 1993; Urban & Barrionuevo, 1996) : (i) the negative-evoked sink was restricted to the stratum lucidum, and the duration was > 4 ms; (ii) the excitatory potential onset latency was < 5 ms; (iii) the paired pulse exhibited strong facilitation; and (iv) the evoked responses were depressed by the group II metabotropic glutamate receptor agonist (2S,2 0 R,3 0 R)-2-(2 0 ,3 0 -dicarboxycyclopropyl) glycine, DCG-IV (1 lM).
Oxygen measurement
An oxygen microsensor (OX-25; Unisense, Denmark), equipped with three electrodes, was used to measure the oxygen partial pressure (pO 2 ) in the recording chamber (total volume 600 lL). The measurements were stored via digital logger. (NI USB-6008; National Instruments Co., TX, USA). The sensor has a rapid response to oxygen pressure changes, and the current signal changes linearly with oxygen partial pressure (Yin et al., 2015) and was polarized at À800 mV (working & guard vs. reference) before use. Three-point calibration was performed with zero-oxygen solution (0.1 M NaOH + 0.1M sodium ascorbate), artificial cerebrospinal fluid (ACSF) saturated with carbogen mixture (5% CO 2 /95% O 2 ), and OGD-based solution (see below) saturated with 95% N 2 /5% CO 2 . An LC-4C amperometric detector (BASi, IN, USA) was used as the potentiostat. Acute slices or organotypic hippocampal slices were treated with control solution for 10 min, oxygen-glucose deprivation (OGD) for 10 min, and reperfusion (RP), 30-60 min. ACSF gassed with 95% O 2 /5% CO 2 is used for the control solution and RP, and MACSF gassed with 95% N 2 /5% CO 2 is used in OGD. The individual values obtained were averaged and shown in Fig. 2 .
Western blotting
The antibodies used in this study are as follows: Following the treatments, the micro slices containing DG-CA3 or area CA1 (see Fig. 3 ) were mechanically disaggregated. Three sections of each field were immersed in Laemmli buffer 29 supplemented with 4 mM orthovanadate and 0.28 mM b-mercaptoethanol. Then, the samples were placed in a bath sonicator for 1 min to dissolve the tissue. Next, the proteins were separated in 8, 10, or 12% SDS-PAGE gels. The sample was electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes and blocked with 4% dry milk in Tris-buffered saline containing 0.1% Tween 20. The resulting membranes were tested for the different primary antibodies and adequate secondary HRP-conjugated Ab before being visualized by chemiluminescence using Image Studio Software (LI-COR; Biosciences). The densitometric analysis was performed using IMAGEJ software.
Propidium Iodide uptake and Immunofluorescence analysis
The CA3 pyramidal cell viability was determined with propidium iodide (PI) uptake. PI is a non-diffusible agent that stains nucleic acids. Cell membrane integrity excludes PI from staining viable and apoptotic cells. Random slices selected from each experimental group were preincubated with PI (2 lM) during 15 min with ACSF, followed by a cycle of five washes with bubbled ACSF. For immunofluorescence analysis, three slices were used for each experimental condition. After PI staining, slices were postfixed overnight in 4% PFA then transferred into 30% sucrose solution. Slices were then re-sectioned into 60-lm sections for the immunohistochemical experiments. The sections were incubated with BSA 5% in PBS 0.2%-Tween 20 in PBS for 1.5 hr at room temperature to prevent non-specific staining. Sections were then incubated with primary antibodies at room temperature overnight, followed by several PBS washes. Sections were then incubated with second antibodies at room temperature for 2 h. To accept MF EPSP responses, the following three criteria were rigorously met; (C) strong paired-pulse facilitation (S2/ S1 > 2); (D) marked frequency facilitation during 1-Hz stimulation (300-400% increase in the extracellular response); and (E) suppression above 90% when DCG-IV was bath applied. CA3 experiments that did not accomplish these criteria were discarded from the study. Each symbol represents the mean value obtained from individual experiments, and the bar represents the average response; error bars indicate SEM. ***P < 0.001 or higher statistical significance.
Antibodies
The rabbit anti-caspase 3 (Cell Signaling Technology Cat# 9662P RRID:AB 10839261; 1 : 1000) and mouse anti-NeuN (Millipore Cat# MAB377 RRID:AB_2298772; 1 : 500) were used in our study. As a negative control, random-selected slices from the same tissue (60-lm thickness) were simultaneously processed in the absence of the primary antibody. After rinsing three times, slices were incubated with secondary antibodies for 2 h at room temperature as follows: goat anti-rabbit Cy5 and goat anti-mouse Alexa flour 488 (1 : 500; Molecular Probes, Eugene, OR, USA). Finally, slices were rinsed three times with PBS and mounted on slides using Vectashield with DAPI mounting medium (Vector). All slices were examined with an epifluorescent microscope 40x (Axio Scope, Carl Zeiss; Oberkochen, Germany). The stitching of sequential photos from the horizontal sections of the hippocampus and the measuring of the fluorescence intensity of the Insets show representative traces at the indicated conditions. In six slices, the partial oxygen pressure (pO 2 ) was measured at 150 lm below the slice surface using an O 2 electrode (blue lines; n = 6 slices for CA3 and n = 6 for CA1). Within 6 min of ACSF reperfusion, O 2 levels returned to baseline values. C and D) scatter plots showing the individual responses for each experiment conducted in CA3 or in CA1. Each symbol represents the mean value obtained from an individual experiment, and the superimposed red trace indicates the mean response AE SEM for each experimental condition. ***P < 0.001 or higher statistical significance. [Colour figure can be viewed at wileyonlinelibrary.com].
stained slices were performed with the open-source software FIJI (Schindelin et al., 2012) .
Stereological analysis
The stereological analyses were performed on hippocampal slices that were used for extracellular recordings. The image acquisition of NeuN, propidium Iodide, and caspase-3 immunoreactive cells counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole) was conducted with an Axio Observer Z1 Microscope (Carl Zeiss, Oberkochen, Germany) equipped with a motorized scanning stage (X, Y, Z); LSM 800 Airyscan camera, Plan-Apochromat 63x/1.4 oil objective lens, and Zen software (blue edition). The cell quantification was performed with the open-source software Fiji (Schindelin et al., 2012) . The cell density of PCs located in the stratum pyramidale of CA3b region was estimated using an unbiased methodology (Zhu et al., 2015) . A counting frame of 173.15 lm was set in both x-and y-axes, resulting in an area of 29980.92 lm 2 , and a subsequent acquisition of seven-to-nine microphotographs of area CA3b (3-lm distance between each image) was used for the estimates. The first focal plane was discarded, and the cell computing was performed from cells that showed NeuN, PI, and caspase-3-positive signal. Otherwise, neurons were discarded. The measurements were performed using the cell counter plugging (FIJI). Each count included three consecutive sections obtained from three slices obtained from different animals per treatment. The total cell density was determined by the average of the number of nuclei and slice thickness per condition. Cell density remained similar among the different treatments.
and KN-93 phosphate were purchased from TOCRIS (Ellisville, MO, USA) and dissolved in double distilled water and DMSO, respectively. Brain-derived neurotrophic factor human (BDNF), 7,8-Dihydroxyflavone (7, U0126 monoethanolate, and 3,8-diamino-5-[3-(diethylmethylammonio) propyl]-6-phenylphenanthridinium diiodide (propidium Iodide) were purchased from Sigma-Aldrich Chemicals Co. (St. Louis, MO, USA). MK-2206 2HCl was purchased from Selleck Chemicals (Houston, TX, USA). 7,8-DHF, ANA-12, UO126, PI, and MK-2206 2HCl were dissolved in DMSO. The concentration of DMSO in the final bath solution was 0.1%.
Statistics
Group measures are expressed as means AE SEM. The statistical significance of the changes in the mossy fiber field excitatory potentials and population spike amplitude were determined by comparing the average value of the EPSP in baseline condition with the mean at 10 min of OGD and finally at 120-min RP. The normality distribution of the populations was validated using a Kolmogorov-Smirnov test (P < 0.05), and the comparison among experimental groups was determined by unpaired t-test (P < 0.05). For the Western blots analyses, the Student t-test was used to determine the statistic difference. For all the experiments included in this study, the statistical difference was considered significant if P < 0.05.
Results
Effect of transient exposure to OGD in the acute hippocampal slice MF EPSPs and antidromic CA3 PS or CA1 EPSPs and CA1 PS were used to contrast the effect of TrkB activation during OGD-RP (see methods for acquisition details). Figure 1A shows the stimulation and recording sites and Fig. 1B , the typical electrophysiological responses obtained from each hippocampal subregion. The MF EPSPs exhibited strong paired-pulse facilitation (2.19 AE 0.49; n = 70 slices), 1 Hz-stimulation facilitation (326 AE 71%; n = 22 slices), and suppression %90% when the metabotropic glutamate receptor agonist, DCG-IV (1 lM), was bath perfused to the recording chamber (Fig. 1B-E) . The CA3 PSs exhibited a less pronounced PPF (1.27 AE 0.25; n = 70 slices) and 1 Hz-stimulation facilitation (156.9 AE 6.84; n = 22 slices) but were insensitive to bath perfusion of DCG-IV (Fig. 1C-E, gray bars) . The CA1 EPSPs and CA1 PS exhibited reduced facilitation when compared to CA3 responses (CA1 EPSPs PPF = 1.42 AE 0.35; CA1 PS PPF = 1.14 AE 0.3; n = 29 slices). Table 1 summarizes the kinetic properties of CA3 and CA1 evoked responses recorded in this study.
First, we corroborated the selective vulnerability of the electrophysiological responses of the hippocampus to OGD-RP. A stable 25-min baseline of MF EPSPs and CA3 PS was recorded followed by a transient OGD exposure (10 min), and ACSF-RP continued up to 120 min. In agreement with previous reports (Gee et al., 2006; Dennis et al., 2011) , we found that OGD-RP caused depression of both MF EPSPs and CA3 PS (MF EPSPs at 120-min RP = 29.4 AE 4.2% of baseline; P < 0.001 paired t-test; CA3 PS at 90 min OGD-RP = 26.95 AE 3.8% of baseline; P < 0.001; paired t-test; n = 28 slices; Fig. 2A ). Contrary to this observation, the same recording protocol (10-min OGD and 120-min RP) caused a permanent suppression of the EPSP and PS of area CA1 (CA1 EPSPs at 120-min RP = 0.91 AE 0.15% of baseline; P < 0.001. CA1 PS at 120-min RP = 1.97 AE 0.55% of baseline; P < 0.001; paired t-test. showing pTrkB activity. pTrkB activity was higher in CA3 compared to CA1; OGD exposure (10 min) increased pTrkB in both hippocampal regions. The pTrkB activity was inhibited when slices were preincubated with ANA-12. (C) Bar graphs summarizing pTrkB activity in response to OGD or OGD + ANA-12 in both hippocampal regions. Symbols show the values obtained from individual experiments; bars, the average response; error bars indicate SEM. **P < 0.01; ***P < 0.001 or higher statistical significance. n = 14 slices; Fig. 2B ). The individual responses from each experiment conducted in area CA3 and area CA1 are plotted in Fig. 2C and D and collectively show that the response to OGD-RP is more variable in CA3 than CA1.
We also measured the changes in the interstitial partial oxygen pressure (pO 2 ) to monitor the gas exchange (O 2 /CO 2 ? N 2 /CO 2 ) (Yin et al., 2015; Yin et al., 2007) during OGD-RP. The pO 2 measure was performed at 150 AE 25 lm below the hippocampal slice surface, the depth at which we regularly placed the recording pipette for the extracellular recordings. During baseline, the average pO 2 concentration was 338.8 AE 0.2 mm/Hg (blue traces in the top panel of Fig. 2A and B) . The OGD perfusate (indicated by a gray bar in the time-course graphs) caused a pO 2 drop %85% of the baseline measurement (to 45 AE 0.5 mm/Hg) that concurs with the decrease in the electrical responses. Remarkably, within 6.3 AE 1 min of RP, the pO 2 level returned to baseline level (332.4 AE 0.6 mm/Hg) and continued stable during the rest of the recordings (pO 2 level at 90-min RP = 340 AE 0.12 mm/Hg; n = 6 slices for each hippocampal region). The pO 2 levels observed during normoxia, OGD, and RP are in the same range to pO 2 values previously reported using acute slices in submerged chambers (McBean et al., 1995; Pugliese et al., 2003; Huchzermeyer et al., 2008) . Collectively, these data show that suppression of the hippocampal responses concurs with OGD and confirms previous observations regarding the differential susceptibility of the hippocampal formation to ischemic damage.
OGD activates TrkB phosphorylation in the hippocampus
We also noticed that bath perfusion of ANA-12 (100 lM), a potent ligand that prevents activation of TrkB, accelerates the decay of CA3 responses to a comparable extent to that observed in CA1 (MF EPSPs time decay during OGD = 5.68 AE 0.07 min; in the presence of ANA-12 = 3.48 AE 0.06 min; CA1 EPSPs decay during OGD = 2.56 AE 0.07 min. Figure 3A , left panel; CA3 PS decay = 5.25 AE 0.11 min; in the presence of ANA-12 = 3.31 AE 0.08 min; CA1 PS decay during OGD = 3.61 AE 0.09 min; Fig. 3A , right panel). Because of the leftward shift of the decay curves, we assumed that the endogenous resilience of area CA3 to OGD-RP involves TrkB activation. To further investigate this idea, Western blots from lysates containing area CA3 or area CA1 were processed, and phosphorylation of TrkB (pTrkB) was used as a surrogate measure of TrkB activation. We found that basal activity of TrkB was threefold higher in area CA3 than CA1 (P < 0.001; unpaired t-test; n = 6). Moreover, OGD exposure (10 min) markedly increased TrkB phosphorylation in CA3 compared to CA1 (CA3 = 3.27 AE 0.26 fold; P < 0.001; CA1 = 2.33 AE 0.18 fold; P = 0.012; unpaired t-test; n = 6). When OGD was applied in the presence of ANA-12, TrkB phosphorylation was prevented ( Fig. 3B1-B2 ). Together, these results confirm that TrkB activity is stronger in area CA3 than area CA1 and demonstrate that phosphorylation of TrkB selectively occurs in the hippocampus after a transient exposure to OGD.
TrkB activation increases the CA3 recovery during OGD-RP
Next, we explored whether TrkB activation is capable of reverting the depression of the evoked responses caused by OGD-RP. Two experiments were designed to test this hypothesis. First, the hippocampal slices were preincubated with BDNF (15 ng/mL; 45 min). The preincubation did not alter the kinetics of the CA3 responses (Table 1) nor caused exacerbation of the synaptic activity (Scharfman, 1997 (Scharfman, , 2005 . After a stable baseline, OGD-RP (10 and 120 min, respectively) was recorded. Preincubation with BDNF reduced the negative effect of OGD-RP, as CA3 responses (MF EPSPs and CA3 PS) exhibited an increase in the recovery at 120-min RP compared with na€ ıve, OGD-exposed slices (percentage of MF EPSP recovery in the BDNF-treated, vs. the non-treated slices = 52.48%; P = 0.0414; unpaired t-test; percentage of recovery of CA3 PS = 59.6%; P = 0.0101; unpaired t-test; n = 15 slices, Fig. 4A , B, and C). We also noticed that the recovery observed with BDNF preincubation was accompanied with a reduction in the paired-pulse facilitation of both CA3 responses (MF PPF = 2.63 AE 0.08; at 120-min RP = 1.24 AE 0.7; P = 0.0162. CA3 PS PPF = 1.23 AE 0.03; at 120-min RP = 0.96 AE 0.1; P = 0.01; paired t-test; n = 15 slices; data not shown). These results support the notion that glutamatergic transmission exhibits a reduction following anoxia/aglycemia, possibly via a presynaptic mechanism (Howard et al., 1998; Pang et al., 2002) . The mossy fiber origin of the recovered responses was confirmed by bath perfusion of DCG-IV (1 lM) (MF EPSP in the presence of DCG-IV = 4.78 AE 6.4; P < 0.001; paired t-test; CA3 PS in the presence of DCG-IV = 102.5 AE 11; ns; paired t-test; n = 8; Fig. 4A and C) . To confirm the participation of TrkB in the resistance to OGD-RP of area CA3, another group of slices was preincubated with BDNF (15 ng/mL) in combination with ANA-12 (100 lM). Notably, the pharmacological blockade of TrkB with ANA-12 abolished the recovery of the CA3 responses (MF EPSPs in the presence of ANA-12 at 120-min RP = 0.2 AE 05% of baseline; P < 0.001; paired t-test; CA3 PS at 120-min RP = 3 AE 0.5% of baseline; P < 0.001; paired t-test; Fig. 4A and B, n = 12 slices).
In the next set of experiments, the slice preincubation was performed with the TrkB specific agonist, 7,8-DHF (25 lM) in lieu of BDNF. In this group of slices, the CA3 responses also exhibited marked recovery compared to na€ ıve OGD-RP-exposed slices (percentage of MF EPSPs recovery in the 7,8-DHF-treated slices vs. the non-treated slices = 74.4%; P = 0.01; unpaired ttest; percentage of recovery of CA3 PS = 74.5%; P = 0.0117; unpaired t-test; n = 15 slices. Figure 4D ). No statistical difference was found in the percentage of recovery observed with BDNF vs. 7,8-DHF of MF EPSPs (P = 0.589; unpaired t-test) or CA3 PS (P = 0.633; unpaired t-test) as summarized in the box plots of Fig. 4D .
Lastly, we replicate these experiments in area CA1 using the same preincubation and TrkB agonists concentration. However, neither preincubation with BNDF nor 7,8-DHF was capable of reverting the suppressive effects of OGD (n = 8 slices for BDNF and eight slices for 7,8-DHF; Fig. 4E ). Collectively, these experiments show that activation of TrkB receptor mediates a mechanism of neuroprotection against OGD-RP restricted to area CA3. More importantly, the OGD-mediated suppression of CA3 responses with ANA-12 demonstrates the central role of activation of TrkB on the selective vulnerability of area CA3 to the damage inflicted during OGD-RP.
Identification of the signaling cascades activated by TrkB in area CA3 of the hippocampus
Because our data demonstrate the regional significance of TrkB in the neuroprotection against OGD-RP, in the next experiments, we utterly focused on determining the signaling cascades activated by TrkB receptors in area CA3. To discard the possibility that other members of the Trk family receptors may activate signaling cascades in response to BDNF, the slices were preincubated with 7,8-DHF. The Western blots showed phosphorylation of the docking proteins pSHC and pGab as well as pAkt, indicating downstream activation of the IP-3-K/Akt signaling cascade. Also, CaMKII showed increased phosphorylation ( Fig. 5A and B ; n = 4). Notably, stimulation with 7,8-DHF reduced the phosphorylation levels of pERK 1/2. However, this is not surprising, as PI-3-K/Akt and MAPK/ERK 1/2 have been shown to act antagonistically ( Van der Heide et al., 2003; Hui et al., 2005; Sun et al., 2010) . Together, these results strongly indicate that the signaling cascades activated in area CA3 in response to TrkB phosphorylation are the PI-3-K/Akt and CaMKII but not MAPK/ERK 1/2.
The PI-3-K/Akt signaling cascade mediates the TrkB neuroprotection to OGD-RP in area CA3
Our finding that in response to TrkB activation, the PI-3-K/Akt and CaMKII are activated in CA3 raises the question about the role that those cascades play in the resistance to OGD-RP. To address this issue, we explored whether the selective blockade of Akt, CaMKII, or MAPK/ERK 1/2 interferes with the recovery observed during RP. Thus, slices were preincubated with BDNF (45 min) in combination with the selective blockers of Akt, CaM-KII, or ERK 1/2 (MK-2206, 10 nM, KN-97, 10 lM or U0126, 100 nM, respectively; see diagram in the bottom panel of Fig. 6C ). The blockade of Akt with MK-2206 suppressed the recovery of the evoked responses in a similar extent that the observed in slices preincubated with BDNF+ANA-12 (MF EPSPs at 120-min RP = 3.4AE 0.6% of baseline; P < 0.001. CA3 PS at 120-min RP = 2.0 AE 0.55% of baseline; P < 0.001; paired t-test; triangles in Fig. 6A and B ; n = 9 slices). Contrary to this observation, slices preincubated with BDNF in combination with the CaMKII blocker KN-93 or the MAPK/ERK 1/2 selective inhibitor U0126 recovered in the same extent to the observed with BDNF alone. These experiments indicate that neither PLC-IP3-CamKII (n = 7 slices) nor the MAPK/ERK 1/2 (n = 8 slices) signaling pathways play a significant role in the resistance of area CA3 to OGD-RP. Moreover, the recovery observed in these experimental groups was indistinguishable from the recovery observed with BDNF alone (P = 0.805 for UO-126 and P = 0.525 for KN-93). The scatter plots in Fig. 6B summarize the effects of the blockade of the kinases in response to OGD-RP, and the MF EPSPs in Fig. 6C illustrate the recovery of the synaptic responses when the respective kinase blockers were present. Taken together, these experiments demonstrate that activation of PI-3-K/Akt is a fundamental step underlying the neuroprotection exerted by TrkB in area CA3 of the hippocampus. 
OGD-RP induces cell damage and caspase-3 activation in CA3 pyramidal cells
It is well known that exposure to OGD-RP compromises the cellular integrity and induces activation of apoptotic cascades (Chen et al., 1998; Namura et al., 1998; Le et al., 2002) . Thus, we investigated the effect of TrkB activation in CA3 PCs exposed to OGD-RP. We assumed that, if TrkB activation exerts neuroprotection, the membrane integrity would be preserved and activation of apoptotic proteins would be reduced in the BDNF-incubated slices exposed to OGD-RP. Thus, we performed a fluorescence imaging analysis of propidium iodide (PI) uptake as an indicator of membrane integrity combined with the immunohistochemical expression of caspase-3 in neuronal nuclear antigen (NeuN)-positive CA3 PCs. In control slices, the NeuN-positive CA3 PCs did not exhibit PI uptake (3.7 AE 0.3%; P < 0.001) or expressed caspase-3 (0.4 AE 0.2%; P < 0.001; Fig. 7A1 ). On the other hand, slices exposed to OGD-RP showed an increase in PI uptake and nuclear expression of caspase-3 (PI uptake after OGD-RP = 79 AE 6%; P < 0.001. Caspase-3 expression after OGD-RP = 50.4 AE 3.4%; P < 0.001; Fig. 7A2 ). In contrast, when slices were preincubated with BDNF (15 ng/mL for 45 min), a reduction in both PI uptake and caspase-3 expression was observed (PI uptake in BDNF preincubated slices = 43.7 AE 7%; P = 0.0031. Caspase-3 expression = 21.4 AE 4.5%; P < 0.001; Fig. 7A3 ). Lastly, slices in which ANA-12 was included during BDNF preincubation exhibited increased PI and caspase 3 expression (PI uptake = 79.6 AE 4%; P < 0.001; caspase-3 expression = 49 AE 4; P < 0.001; Fig. 7A4 ). The bar graphs in Fig. 7B1-B3 summarize the quantification of the PI and caspase-3 expression regarding the pharmacological treatments (n = 3). Together, these data demonstrate that in area CA3, BDNF-mediated activation of TrkB receptor reduces pyramidal cell damage and inhibits the activation of apoptotic mechanisms following OGD-RP. 
Discussion
We have demonstrated that activation of TrkB plays a significant role in the resistance of hippocampal area CA3 to the damage inflicted by OGD-RP in acute hippocampal slices. Our Western blots showed that OGD-RP induces rapid phosphorylation of TrkB and Akt in area CA3. In turn, TrkB activates the PI-3-K/Akt cascade that reduces the OGD-RP-mediated depression of electrical activity, contributed to the preservation of CA3 PCs membrane integrity and reduced the expression of caspase-3 enzyme. Moreover, our data consistently showed that pharmacological blockade of TrkB or the Akt signaling pathway suppressed the resistance of CA3 to OGD-RP. Taken together, our studies have uncovered an intrinsic mechanism to cope with the ischemic damage in area CA3.
One of the most noticeable observations of this study is the strong depression of CA3 responses triggered by OGD-RP. However, as area CA3 contains the higher levels of BNDF in the CNS (Conner et al., 1997; Scharfman, 2005) , why is that endogenous BDNF was ineffective on itself to protect the CA3-evoked responses against OGD-RP? This phenomenon could be explained by several ways. First, the physical damage following brain slicing alters the ionic distribution and increases the release of Fig. 7 . TrkB activation reverts the OGD-induced cell damage and caspase-3 activation in CA3 pyramidal cells. (A1-A4) Higher magnifications of confocal microphotographs contrasting PI uptake and caspase-3 expression with DAPI counterstained nucleus (blue) in acute hippocampal slices. OGD-RP (10 and 120 min, respectively) increased the PI uptake and caspase-3 nuclear expression. The negative effect of OGD was reverted when slices were preincubated with BDNF (15 ng/mL; 45 min). A relapse in the BDNF-mediated neuroprotection was observed when slices were preincubated with BDNF+ANA-12. (B1) Quantitative analysis of the cell density in area CA3. Neither the OGD nor the pharmacological manipulations altered the total number of CA3 cells. (B2) Quantitative analysis of the total number of CA3 neurons positive to NeuN + PI on the different experimental conditions. B3) Quantitative analysis of CA3 neurons positive to NeuN + PI + caspase-3. In control slices, neither PI uptake nor caspase-3 nuclear expression is detected. 10-min OGD caused a significant increase in the PI uptake and expression of caspase-3 that was reverted when slices were preincubated with BDNF. PI uptake and caspase-3 expression were increased when slices were preincubated with BDNF+ANA-12. Symbols show values obtained from individual experiments; error bars indicate SEM. **P < 0.01; ***P < 0.001 or higher statistical significance. [Colour figure can be viewed at wileyonlinelibrary.com].
metabolites and growth factors, including BDNF (Zhou et al., 1995; Sikl os et al., 1997; Taubenfeld et al., 2002) . These events have been proposed to alter the integrity of the acute slice and fail to replicate the intact brain condition (Taubenfeld et al., 2002) . If this is the case, the exogenous BDNF treatment would compensate for the lack of neuroprotective effect of the endogenous BDNF in response to OGD-RP in the acute slice. Along the same line, a significant increase in the induction of BDNF mRNA occurs in the hippocampus after the slicing procedure (Taubenfeld et al., 2002; . However, the BDNF mRNA increase is uncoupled from the synthesis of new BDNF protein, a phenomenon commonly associated to ischemic damage in hippocampal slices (Vornov & Coyle, 1991; Raley-Susman & Murata, 1995) . Therefore, we cannot discard the possibility that the brain slicing procedure, in addition to OGD-RP, played a major role in the marked reduction in the CA3-evoked responses observed in our study. This scenario also explains the requirement of exogenous BDNF to unmask the neuroprotective role of BDNF acting via TrkB in response to OGD-RP. On the other hand, our data showed that blockade of TrkB receptor with ANA-12 not only accelerated the suppression of CA3 responses in response to OGD-RP but also abolished the recovery of the electrical responses, increased the cellular damage, and promoted expression of caspase-3 enzyme. However, despite the experimental limitations of the in vitro preparation, one can speculate that in the intact brain, TrkB activation via BDNF plays a central role to reduce the damage associated with the ischemic stroke. Consistently, our results uncovered the significant role of TrkB in area CA3 in coping with the transient reduction in oxygen and glucose supply.
Although previous work has shown that responses from CA3 are insensitive or only exhibit partial sensitivity to OGD-RP, it should be noted that a larger part of these studies were performed in immature brains or organotypic slices. As previous demonstrations that CA3 susceptibility to anoxia/aglycemia depends on the developmental stage (Nabetani et al., 1995; Cheng et al., 1997; Arabadzisz & Freund, 1999) , our study was performed in acute slices from 35 to 45-day-old animals. Given the critical role that suppression of oxygen plays for ischemic damage, it was critical to monitor the partial oxygen pressure during OGD and RP. For instance, a previous report showed that anoxic depolarization and ischemia in the in vivo hippocampus require a reduction of %90% of the cerebral blood level flow (Yonekura et al., 2004) . Our in vitro measurements showed that pO 2 is reduced %85% during OGD, indicating that our experimental conditions mimicked the noxious environment that the hippocampal formation experiences during stroke.
BDNF/TrkB neuroprotection of CA3 pyramidal cells
Although the neuroprotective effects of BDNF are well documented, it is also well established that elevated concentrations of this neurotrophin may carry adverse effects, including hyperexcitability, spontaneous epileptiform discharges, and exacerbated neuronal damage (Scharfman, 1997 (Scharfman, , 2005 . This potential problem was diminished in our study using a low BDNF concentration (15 ng/mL). Thus, in the present experimental conditions, we did not observe collateral effects (as summarized in Table 1 ) by BDNF preincubation. In response to an ischemic insult, TrkB-BDNF increases its expression level as a neuroprotective response or promoter of plasticity in the hippocampus (Lindvall et al., 1992; Kokaia et al., 1993) . Furthermore, the increased levels of BDNF have been hypothesized to protect the BDNF-synthesizing neuron itself (Lindvall et al., 1992; Kokaia et al., 1993) . Thus, the elevated levels of BDNF/pTkrB of area CA3 are likely to function as an intrinsic mechanism of neuroprotection that also triggers signaling cascades associated with cell survival. In this sense, BDNF is recognized as a potent survival-promoting factor for neurons (Ferrer et al., 2001; Sun et al., 2008) .
TrkB leads to the activation of at least two cascades involved in cell survival: the PI-3-K/Akt and the MAPK/ERK 1/2. Our results demonstrated activation of the PI-3-K/Akt in area CA3. Such activity plays a central role in the resistance to OGD-RP, a liable mechanism as different biochemical pathways can activate in response to specific cellular insults (Hetman et al., 1999; Barnab e-Heider & Miller, 2003) . In this sense, previous reports have shown the survival role of PI-3-K/Akt during ischemic insult (Sun et al., 2008 (Sun et al., , 2010 . See also the proposed model in Fig. 8 .
The Western blots also revealed that increased levels of pAkt were accompanied by reduced levels of pERK 1/2, a phenomenon , dendritic trees of CA3 PCs (Kuczewski et al., 2008) but also from astrocytes . In response to the OGD-mediated depolarization, fast-spiking interneurons in stratum lucidum also exhibit increased glutamatergic activity modulated by TrkB receptors (G. Herrera-L opez, G. Barrionuevo and E.J. Galv an, unpublished observations). (B) The proposed mechanism by which BDNF/TrkB counteracts the deleterious effects of OGD-RP in CA3 PCs requires downstream activation of the PI-3-K/Akt, and possibly activation of the mechanistic target of the rapamycin (mTOR), to promote cell survival. Activation of this signaling cascade maintains the membrane integrity and reduces the expression of caspase-3 enzyme in OGD-RP-treated slices. Simultaneously, the BDNF-mediated activation of TrkB receptor causes a downregulation of the MAPK-ERK 1/2 pathway and upregulation of the CaMKII pathway. [Colour figure can be viewed at wileyonlinelibrary.com]. that may be explained by an activation of an ERK 1/2 phosphatase or inhibition of an ERK 1/2 kinase (Van der Heide et al., 2003) ; however, this is an issue that requires further investigation. Interestingly, the PI-3-K/Akt and MAPK/ERK 1/2 signaling cascades have been shown to act antagonistically ( Van der Heide et al., 2003; Sun et al., 2010) . In agreement with this observation, MAPK/ERK 1/2 plays a critical role in the induction of synaptic plasticity of area CA1 but is not required for CA3 LTP (Kanterewicz et al., 2000) , a demonstration that also indicates a divergence in the signaling cascades of these hippocampal subregions.
The role of one specific signaling cascade, the PI-3-K/Akt, associated with one specific type of neuron, the CA3 pyramidal cell, corroborates the idea that hippocampal neurons have unique physiological properties and unique molecular mechanisms to cope with different forms of neuronal damage. Nevertheless, we cannot discard additional cellular mechanisms involving TrkB activity that may act conjunctly with those reported here. For instance, autoreceptor phosphorylation of TrkB can occur in the absence of BNDF in hippocampal neurons. This mechanism is dependent on adenosine and A2 receptors (Lee & Chao, 2001 ) and involves activation of the PI-3-K/Akt cascade. Notably, the adenosine A2 receptors are highly expressed in the dentate MFs and exert tonic inhibition of the glutamatergic transmission (Moore et al., 2003) . Hence, it can be speculated that upon activation of TrkB receptors, the OGD-sustained depolarization increases neurotransmitter release, including adenosine (Chu et al., 2013) , which in turn would activate the TrkB signaling cascades necessary to promote cell survival.
Lastly, although our experimental evidence supports the notion of a postsynaptic mechanism of neuroprotection, we cannot discard the possibility that CA3 resilience to OGD-RP includes a presynaptic component. Indeed, neurons from DG are well known to resist ischemic damage (Schmidt-Kastner & Freund, 1991) . For example, a previous report demonstrated that ischemia also reduces the DG spontaneous firing rate and increases the stimulus intensity required for the generation of EPSPs (Howard et al., 1998) . Consistent with this idea, we found that OGD-RP reduces the MF PPF, suggesting that the depression of the synaptic transmission may act as an additional protective mechanism against OGD-RP. Also, DG granular cells express TrkB receptors (Spencer-Segal et al., 2011) , and its activation promotes cell survival and cellular homeostasis following ischemic damage (Horn et al., 2005) . In both cases, the IP-3-K/Akt pathway is involved (Horn et al., 2005; Sun et al., 2010) . Thus, it can be expected that the pharmacological manipulations performed in this study also affected DG granular cells. Nevertheless, the contribution of BDNF/TrkB in this area of the hippocampus requires further investigation.
In conclusion, we have demonstrated that activation of the TrkB receptors is critical to counteract the effects of OGD-RP in area CA3 of the hippocampus. Blockade of TrkB abolishes the resistance of area CA3 to ischemic damage. Mechanistically, the PI-3-K/Akt signaling cascade mediates the neuroprotective effect.
